Abstract: SnO 2 -decorated graphene oxide (SnO 2 /GO) was synthesized by the modified Hummers's method, followed by a chemical incorporation of SnO 2 nanoparticles. Then, the nanocomposite was used as anon-precious counter electrode in a dye-sensitized solar cell (DSSC). Although GO has a relatively poor electrical conductivity depending essentially on the extent of the graphite oxidation, presence of SnO 2 enhanced its structural and electrochemical properties. The Pt-free counter electrode exhibited a distinct catalytic activity toward iodine reduction and a low resistance to electron transfer. Moreover, the decorated GO provided extra active sites for reducing I 3 − at the interface of the CE/electrolyte. In addition, the similarity of the dopant in the GO film and the fluorine-doped tin oxide (FTO) substrate promoted a strong assimilation between them. Therefore, SnO 2 -decorated GO, as a counter electrode, revealed an enhanced photon to electron conversion efficiency of 4.57%. Consequently, the prepared SnO 2 /GO can be sorted as an auspicious counter electrode for DSSCs.
Introduction
Basically, the conversion of solar energy into electricity proceeds through direct or indirect routes. Currently, direct conversion of solar radiation-to-electricity is receiving the maximum attention. In this regard, silicon-based photovoltaic cell (PV panel) is the most widely used. However, PV cells are suffering from high fabrication cost ($/kW) because their function counts on the presence of a relatively thick layer of doped silicon to obtain an acceptable photon capture rate. Comparably, the dye sensitized solar cell (DSSC) provides a low-cost transfer route of photons to electrons, due to its superior advantages over the traditional PV cells; it absorbs more solar radiation per surface area than the traditional PV cells [1, 2] . Recently, the efficiency of the DSSCs has been increased to 17%, which puts it in the market race with the conventional PV [3] . Mainly, the DSSC consists of a porous layer of titanium oxide nanoparticle coated with a solar sensitive organometallic dye, the counter electrode (Pt), and the working electrolyte (e.g., the redox couple I 3 − /I − ). Its mechanism of work is discussed in details elsewhere [4, 5] . Numerous efforts to enhance the solar energy-to-electricity efficiency of the DSSCs have been reported. These attempts focused on optimizing the properties of the four components of the DSSC:
1.
The sensitized dye 2.
The material of the photoanode 3.
The redox couple electrolyte and Figure 1a shows the transmission electron microscope (TEM) image of the prepared material. It is noticeable that the sample composed of a sheet of GO contains randomly distributed nanoparticles. High resolution TEM (HR-TEM) image shown in Figure 1b affirms that the attached nanoparticles appear as textured crystalline mode, which indicates that these nanoparticles are SnO2-based, highly crystalline compound. However, the distribution of these nanoparticles is random. The higher magnification image indicates that the interlayer distance is 0.26 nm and the particle size is less than 20 nm. Figure 2 displays the X-ray diffraction (XRD) patterns of both pristine and decorated GO. Initially, from XRD pattern, it is easy to confirm the formation of GO from the utilized precursor. Typically, the graphite reveals a sharp peak in the XRD pattern at 2θ value of ~26°. Due to exfoliation, the graphite-identified peak disappears and another peak is formed at ~10°, while graphene is distinguished by a very broad peak centered at ~24° [26] . As shown, the GO main peak at 2θ values of 10.2°, corresponding to the (001) basal plane of GO with a d-spacing value of (d001 = 0.961 nm), appears in both samples. However, the intensity of such peak in the SnO2/GO sample has a lower intensity than pure GO. Typically, the intensity of the GO main identification peak is 867 and 1957 count/s for the SnO2/GO and pristine GO, respectively. The reason of low peak intensity is probably due to the heat treatment and incorporation of foreign atoms in the GO layer, which was also noticed by R. Krishna et al. [27] . In addition, the strong diffraction peaks at 2θ values of 26.38°, 33.48°, 37.76°, and 51.46° corresponding to (110), (101), (200) and (211) crystal planes (JCPDS:41-1445), respectively, confirm the incorporation of tetragonal crystals of SnO2 inside the GO layer. It is also noticeable that the SnO2 peaks are broadened, indicating the presence of small crystalline size. It is important to determine the crystal structure of the SnO2-decorated GO due to its direct effect on the power conversion efficiency of the DSSC. According to Scherer's equation (τ = Kλ/βcosθ, where τ is the ordered (crystalline) domains mean size, λ is the wavelength of the utilized X-ray irradiation (0.1504 nm), K is a constant value with a typical value of 0.9 referring to the shape factor, ꞵ is the line broadening at half the maximum intensity (FWHM) in radians and θ is the Bragg angle), the average grain size was determined to be 5.1 nm. Figure 2 displays the X-ray diffraction (XRD) patterns of both pristine and decorated GO. Initially, from XRD pattern, it is easy to confirm the formation of GO from the utilized precursor. Typically, the graphite reveals a sharp peak in the XRD pattern at 2θ value of~26 • . Due to exfoliation, the graphite-identified peak disappears and another peak is formed at~10 • , while graphene is distinguished by a very broad peak centered at~24 • [26] . As shown, the GO main peak at 2θ values of 10.2 • , corresponding to the (001) basal plane of GO with a d-spacing value of (d001 = 0.961 nm), appears in both samples. However, the intensity of such peak in the SnO 2 /GO sample has a lower intensity than pure GO. Typically, the intensity of the GO main identification peak is 867 and 1957 count/s for the SnO 2 /GO and pristine GO, respectively. The reason of low peak intensity is probably due to the heat treatment and incorporation of foreign atoms in the GO layer, which was also noticed by R. Krishna et al. [27] . In addition, the strong diffraction peaks at 2θ values of 26.38 • , 33.48 • , 37.76 • , and 51.46 • corresponding to (110), (101), (200) and (211) crystal planes (JCPDS:41-1445), respectively, confirm the incorporation of tetragonal crystals of SnO 2 inside the GO layer. It is also noticeable that the SnO 2 peaks are broadened, indicating the presence of small crystalline size. It is important to determine the crystal structure of the SnO 2 -decorated GO due to its direct effect on the power conversion efficiency of the DSSC. According to Scherer's equation (τ = Kλ/βcosθ, where τ is the ordered (crystalline) domains mean size, λ is the wavelength of the utilized X-ray irradiation (0.1504 nm), K is a constant value with a typical value of 0.9 referring to the shape factor, β is the line broadening at half the maximum intensity (FWHM) in radians and θ is the Bragg angle), the average grain size was determined to be 5.1 nm. Figure 3 displays the Raman spectra of pristine and SnO2-incorporated GO in the range of 100-3000 cm −1 . In the GO spectrum, two protuberant peaks corresponding to D and G bands, the characteristic peaks of GO, are located at 1354 and 1591 cm −1 with respective ID/IG intensities ratio of 1.07. The inset confirms the stability of the prepared GO during the achieved GO decoration process by SnO2 nanoparticles. As shown in the inset, there is no Figure 3 displays the Raman spectra of pristine and SnO 2 -incorporated GO in the range of 100-3000 cm −1 . In the GO spectrum, two protuberant peaks corresponding to D and G bands, the characteristic peaks of GO, are located at 1354 and 1591 cm −1 with respective I D /I G intensities ratio of 1.07. The inset confirms the stability of the prepared GO during the achieved GO decoration process by SnO 2 nanoparticles. As shown in the inset, there is no considerable change in the I D /I G intensities ratio. Moreover, in the Raman spectrum, the pristine graphene reveals an additional peak (2D), indicating an increase in the average size of sp2 domains at~2790 cm −1 [28] . As shown, the 2D peak does not appear in the SnO 2 -GO spectrum, which confirms maintaining the composition of the GO. In other words, the utilized treatment process did not affect the content of the oxygenated groups covering the surface of GO sheets. The crystalline structure of SnO 2 is a tetragonal rutile with point group D4h [29] . Typically, three modes identifying SnO 2 can be found in the Raman spectrum: 474 cm −1 (E g ), 631 cm −1 (A 1g ) and 775 cm −1 (B 2g ) [30] . When the particle size decreases, A 1g and B 2g modes of SnO 2 are shifted to lower wave numbers and E g mode is shifted to higher wave number [30] . The obtained results show peaks at 615, 435, 245, and 120 cm −1 . The band at 435 cm −1 probably corresponds to the (E g ) mode of the oxide. Similarly, the mode at 615 cm −1 can be assigned to symmetric O-Sn-O stretching (A 1g ) shifts due to the relatively small particle size of SnO 2 nanoparticles. The position and the intensity of SnO 2 peak in the Raman spectrum depends on the crystal size. The vibrational mode (B 1g ) peak appears only along with nanomaterials. Thus, in the Raman spectrum, the presence of a peak at 120 cm −1 is associated with non-degenerated B 1g mode of SnO 2 and its appearance is caused by lowering the surface phonon frequencies that leads to increase in the inter-atomic distance on the surface [30] . Overall, based on the aforementioned analytical technique, it is safe to claim that the proposed material is GO sheets decorated by small and highly crystalline SnO2 nanoparticles.
Results and Discussion
It is worth mentioning that the function of the redox shuttle (I3 − /I − ) is very important to ensure a stable transfer of electrons between the photoanode and the counter electrode of a DSSC. The photon-induced excitation of the dye leads to transfer of electrons to the oxide semiconductor. Then, the electron donor (I3 − ) must rapidly return the excited dye back to its ground state. Afterwards, the electron acceptor (I − ) should move to the CE to get the missing electrons to regenerate the electron donor (I3 − ). The electron migration through the external circuit will close the circuit [2, 4] .
To verify the electrocatalytic activity of the as-prepared SnO2-incorporated GO, cyclic voltammetry (CV) analysis of the prepared catalyst was achieved using a conventional three-electrode system. SnO2-doped GO, Pt wire and Ag/AgCl served as working, counter and reference electrodes, respectively. The electrolyte solution consisted of 10 mM LiI, 1 mM I2, and 0.1 M LiClO4 in acetonitrile. Figure 4a shows the cyclic voltammograms (CV) at scan rate of 25 mV/s. It is clear that the introduced SnO2/GO shows both oxidation and reduction peaks, which indicate achieving the following reactions [20] . Overall, based on the aforementioned analytical technique, it is safe to claim that the proposed material is GO sheets decorated by small and highly crystalline SnO 2 nanoparticles.
It is worth mentioning that the function of the redox shuttle (I 3 − /I − ) is very important to ensure a stable transfer of electrons between the photoanode and the counter electrode of a DSSC. The photon-induced excitation of the dye leads to transfer of electrons to the oxide semiconductor. Then, the electron donor (I 3 − ) must rapidly return the excited dye back to its ground state. Afterwards, the electron acceptor (I − ) should move to the CE to get the missing electrons to regenerate the electron donor (I 3 − ). The electron migration through the external circuit will close the circuit [2, 4] .
To verify the electrocatalytic activity of the as-prepared SnO 2 -incorporated GO, cyclic voltammetry (CV) analysis of the prepared catalyst was achieved using a conventional three-electrode system. SnO 2 -doped GO, Pt wire and Ag/AgCl served as working, counter and reference electrodes, respectively. The electrolyte solution consisted of 10 mM LiI, 1 mM I 2 , and 0.1 M LiClO 4 in acetonitrile. Figure 4a shows the cyclic voltammograms (CV) at scan rate of 25 mV/s. It is clear that the introduced SnO 2 /GO shows both oxidation and reduction peaks, which indicate achieving the following reactions [20] .
The counter electrode exhibits high redox current densities, indicating that the speed of the redox reaction on the surface of the modified GO is fast. Besides the activity of the SnO 2 nanoparticles attached on the surface of the GO, the enhancement in the surface area after the decoration process can be assigned as a second reason for the observed high performance. Typically, the measured surface area of the pristine and decorated GO was 159.7 ± 2 and 210.5 ± 3 m 2 /g, respectively. The increase in the surface area can be attributed to the high exfoliation rate upon addition of the tin precursor. Therefore, the improved specific surface area of the modified GO can be considered as a stimulator for such boost of the electrocatalytic activity toward the reduction of I 3 − ions. Incidentally, the modified GO is responsible for the efficient reduction of I 3 − ions by providing sufficient superficial area and promoting fast electronic transformation, which results in higher J sc and solar-electrical conversion efficiency in the DSSC. Figure 4b illustrates CV curves of the SnO 2 -incorporated GO electrode in the prepared electrolyte solution at different scan rates (10-50 mV/s). It is clear that altering the scan rate increased the current density values. In addition, it slightly shifted the potential peaks of the anodic and cathodic reactions.
The inset of Figure 4b shows the influence of the scan rate on the anodic and cathodic peak currents. It is noticeable that they are linearly dependent on the scan rate. Such finding discloses that the rate of diffusion of I 3 − ion is the hindering step in the oxidation-reduction process [20] .
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The impedance spectrum of a DSSC typically shows three semicircles in the Nyquist plot. According to the direction of decreasing frequency, the first semicircle corresponds to the charge transfer processes which happens in the CE/electrolyte interface with a characteristic frequency ω CE ; the second or middle semicircle corresponds to the diffusion of the electron through the TiO 2 layer and the reversible electron reaction with the oxidized state of the redox species at the TiO 2 /electrolyte Catalysts 2019, 9, 139 6 of 10 boundary; and the third semicircle at the low frequency region corresponds to the diffusion of I 3 − in the electrolyte, with a characteristic frequency ω D [31] . The characteristic frequency for electron transport or diffusion (ω d ) appears in the middle semicircle at the high frequency region, while the peak frequency (ω k ) of that semicircle corresponds to the electron reversible reaction. Figure 5 shows the Nyquist and Bode plots of GO and SnO 2 /GO as counter electrodes in the DSSC. In the case of GO, as shown in Figure 5A , only one semicircle appears, indicating an insignificant charge transfer at the GO/electrolyte interface. For the SnO 2 /GO plot, two semicircles signify two different kinds of impedance. In the high-frequency region (10 3 -10 6 Hz), the semicircle denotes the resistance due to the charge transfer (R CE ) at the counter electrode/electrolyte interface. In the middle-frequency (1-10 3 Hz) region, the semicircle denotes the diffusion through the TiO 2 layer and electron reversible reaction with the oxidized state of the redox species at the TiO 2 /electrolyte boundary (R CT ). However, in the low-frequency region (0.1-1 Hz), no semicircle of the complete response appears, which could be attributed to the small distance between the working and counter electrodes and the low viscosity of the electrolyte.
These data indicate that the low (R CE ) is related to a comparatively high rate of electron transfer at the interface of electrolyte/counter electrode, which leads to improve the catalytic activity toward the redox couple in the electrolyte. In the DSSC cell, the (R CE ) value was found to be 43.1 Ω, which indicates that the SnO 2 /GO revealed an effective catalytic activity toward the reduction of I 3 − ions in redox electrolyte. Moreover, the cell shows low series resistance (Rs) value of 23.6 Ω, which is attributed to an excellent conductivity of SnO 2 /GO film and strong contact between the film and FTO substrate [20] . The catalytic activity of the SnO 2 -incorporated GO counter electrode can be presented using current density (J), which is calculated from the charge transfer resistance (R CT ) [32] :
where R is the gas constant (J/mol·K), T is temperature (K), n is the number of involved electrons (n = 2), and F is the Faraday constant.
Catalysts 2019, 9, x FOR PEER REVIEW 7 of 12
These data indicate that the low (RCE) is related to a comparatively high rate of electron transfer at the interface of electrolyte/counter electrode, which leads to improve the catalytic activity toward the redox couple in the electrolyte. In the DSSC cell, the (RCE) value was found to be 43.1 Ω, which indicates that the SnO2/GO revealed an effective catalytic activity toward the reduction of I3 − ions in redox electrolyte. Moreover, the cell shows low series resistance (Rs) value of 23.6 Ω, which is attributed to an excellent conductivity of SnO2/GO film and strong contact between the film and FTO substrate [20] .
The catalytic activity of the SnO2-incorporated GO counter electrode can be presented using current density (J), which is calculated from the charge transfer resistance (RCT) [32] :
where R is the gas constant (J/mol·K), T is temperature (K), n is the number of involved electrons (n = 2), and F is the Faraday constant. Table  1 displays the photovoltaic parameters from J-V curves and a brief comparison with other counter electrodes. The data indicate that the cell based on the introduced SnO2/GO exhibited an energy conversion efficiency of 4.57%, which is slightly lower than the standard Pt counter electrode. Such energy conversion efficiency of the cell is linked to the activity of the counter electrode, which synergizes the reduction reaction at the interface of electrolyte/counter electrode, which in turn assists the regeneration of the ground state of the organometallic dye at the interface of electrolyte/photoanode. As shown in Table 1 , the other parameters for the fabricated cell are Voc of 0.67 V, Jsc of 14.04 mA −2 cm and FF of 0.49. These results are lower than those reported from GO-Pt composite fabricated by lowtemperature electrodeposition process, which revealed an energy conversion efficiency of 7.05% [33] . However, the authors used Pt precious metal, which is not aligned with our goals. Table 1 displays the photovoltaic parameters from J-V curves and a brief comparison with other counter electrodes. The data indicate that the cell based on the introduced SnO 2 /GO exhibited an energy conversion efficiency of 4.57%, which is slightly lower than the standard Pt counter electrode. Such energy conversion efficiency of the cell is linked to the activity of the counter electrode, which synergizes the reduction reaction at the interface of electrolyte/counter electrode, which in turn assists the regeneration of the ground state of the organometallic dye at the interface of electrolyte/photoanode. As shown in Table 1 , the other parameters for the fabricated cell are V oc of 0.67 V, J sc of 14.04 mA −2
Catalysts 2019, 9, 139 7 of 10 cm and FF of 0.49. These results are lower than those reported from GO-Pt composite fabricated by low-temperature electrodeposition process, which revealed an energy conversion efficiency of 7.05% [33] . However, the authors used Pt precious metal, which is not aligned with our goals. 
Materials and Methods

Catalyst Preparation
To prepare the electrode, all the involved chemicals, e.g., SnCl2, thiourea, graphite, and KMnO4, were obtained from Sigma Aldrich Co., Seoul, South Korea. The procedure started with slowly dissolving 0.42 g of tin chloride in 20 mL distilled water. Parallelly, 0.15 g of thiourea were also dissolved in 20 mL distilled water individually for 20 min. Then, the two solutions were mixed using a magnetic stirrer for 1 h. The GO was prepared by a modified Hummers's method. The next step was to disperse 0.2 g of GO in 100 mL distilled water, and then ultra-sonication for 40 min. Afterwards, the two mixtures were mixed for 20 min, and then 200 mL of hydrazine were added just before the hydrothermal step. Next, hydrothermal treatment was done for 10 h at 180 °C. Finally, the sample was filtered and dried at 60 °C overnight.
The DSSC Fabrication
The fabrication of DSSCs consisted of three steps [18, 39] : fabrication of the photoanode, fabrication of the counter electrode and the addition of the working electrolyte. Typically, FTO substrate glass (FTO 10 Ω/sq.) was used to prepare the photoanode. Preparation started by plating nanocrystalline TiO2 (Degussa P-25) thin film over FTO glass by simple doctor blade technique. The prepared photoanode had an active area of 0.25 cm 2 with the film thickness of 8-10 μm. Then, the FTO was annealed at 450 °C for 30 min. Afterwards, the photoanodes were immersed in the dye solution consisting of 0.3 mM ruthenium(II) 535 bis- 
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To prepare the electrode, all the involved chemicals, e.g., SnCl 2 , thiourea, graphite, and KMnO 4 , were obtained from Sigma Aldrich Co., Seoul, South Korea. The procedure started with slowly dissolving 0.42 g of tin chloride in 20 mL distilled water. Parallelly, 0.15 g of thiourea were also dissolved in 20 mL distilled water individually for 20 min. Then, the two solutions were mixed using a magnetic stirrer for 1 h. The GO was prepared by a modified Hummers's method. The next step was to disperse 0.2 g of GO in 100 mL distilled water, and then ultra-sonication for 40 min. Afterwards, the two mixtures were mixed for 20 min, and then 200 mL of hydrazine were added just before the hydrothermal step. Next, hydrothermal treatment was done for 10 h at 180 • C. Finally, the sample was filtered and dried at 60 • C overnight.
The DSSC Fabrication
The fabrication of DSSCs consisted of three steps [18, 39] : fabrication of the photoanode, fabrication of the counter electrode and the addition of the working electrolyte. Typically, FTO substrate glass (FTO 10 Ω/sq.) was used to prepare the photoanode. Preparation started by plating nanocrystalline TiO 2 (Degussa P-25) thin film over FTO glass by simple doctor blade technique. The prepared photoanode had an active area of 0.25 cm 2 with the film thickness of 8-10 µm. Then, the FTO was annealed at 450 • C for 30 min. Afterwards, the photoanodes were immersed in the dye solution consisting of 0.3 mM ruthenium(II) 535 bis-TBA (N-719, Solaronix; Sigma, Seoul, South Korea), rinsed with ethanol and dried for 24 h under nitrogen flow. Similarly, the SnO 2 -decorated GO was pasted over the FTO glass by simple doctor blade technique. The obtained film was cleaned by ethanol and then dried at 60 • C for 30 min. To complete the fabrication of DSSC, the SnO 2 -decorated GO counter electrode was placed over the dye-adsorbed TiO 2 photoanode and sealing was made using Surlyn sheet (SX 1170-60, Solaronix, 60 µm thick) between the two electrodes. Finally, the electrolyte, consisting of lithium iodide (LiI 0.5 M), Iodine (I 2 0.05 mM), and tetra-butyl-pyridine (C 9 H 13 N 0.2 M) in acetonitrile, was inserted into the holes in the counter electrode using a syringe.
Characterization and Application
The TEM images of the prepared catalyst were retrieved using JEOL JEM 2010 transmission electron microscope, working at a voltage of 200 kV, (JEOL Ltd., Tokyo, Japan). Clarification of the distance of the TEM images was acquired by ImageJ 1.47v software. To determine the crystal structure of the prepared catalyst, Rigaku X-ray diffractometer (XRD, Rigaku, Tokyo, Japan) with Cu Kα (λ = 1.5406 Å) was utilized. The Raman spectrum was also acquired using Dispersive Raman spectrometer (BRUKER-SENTERRA, Boerdestr, Warstein, Germany) equipped with an integral microscope (Olympus, Tokyo, Japan). The excitation source was neodymium-doped yttrium aluminum garnet (Nd/YAG) laser (532 nm), and providing a power of 20 mW on the sample, and analyzed by X-ray Diffraction Microanalysis (XPERT-PRO-P-Analysis, The Woodlands, TX, USA). The electrochemical impedance spectroscopy (EIS) and cyclic Voltammetry (CV) measurements were performed using a VersaSTAT 4 (AMETEK, New York, NY, USA) electrochemical analyzer using a conventional three-electrode cell structure. In the utilized cell, glassy carbon, Pt and Ag/AgCl served as working, counter and reference electrodes, respectively. To deposit the proposed GO-based material on the active surface of the working electrode, 2 mg of the function material were added to 20 µL Nafion solution (5 wt %) and 400 µL isopropanol. Afterwards, the suspension was subjected to utltra-sonication process for 20 min. Then, 15 µL of the suspension were poured in three steps on the electrode active area. Finally, the electrode was dried at 80 • C. Current-voltage characteristics of DSSCs were measured by using digital Multimeters (Model 2000, Keithley, Filderstadt, Germany) and a variable load. As a simulation of the solar radiation, a 1000 W metal halide lamp served as a light source, and its light intensity (or radiant power) was adjusted to simulate mornign. Then, 1.5 radiation at 100 mW cm −2 with a Si photo detector fitted with a KG-5 filter (Schott, Cheney, KS, USA) as a reference was calibrated at NREL (New York, NY, USA). The metal uptake, during the decoration process, was determined by estimating the remaining tin ions in the initial solution using the titration procedure. Briefly, the solution was hot treated with hydrochloric acid, and then drops of starch indicator solution were added. Finally, the solution was titrated against iodate-iodide standard solution. The uptake was determined to be around 15 wt %.
Conclusions
SnO 2 nanoparticles-decorated graphene oxide can be synthesized by hydrothermal treatment of GO prepared by Hummers's method in presence of tin chloride. The active chemical groups covering the prepared GO upon using the chemical route lead to a homogeneous distribution for the metallic nanoparticles. Moreover, these groups procure to a good attachment of the inorganic oxide with the carbonaceous support. The prepared SnO 2 /GO catalyst improves the electrocatalytic activity toward iodine redox reaction. Moreover, a decrease in the electron transfer was observed due to the harmony between the metallic nanoparticles in the proposed composite and the tin oxide existing in the utilized transparent glass electrodes (FTO). Accordingly, exploiting the prepared catalyst as a counter electrode in the DSSC showed a relatively good energy conversion with an efficiency of 4.57%. Overall, it can be claimed that the SnO 2 -decorated GO might be a new effective counter electrode for DSSCs. 
